We report the structural, magnetic and electrical transport properties of Y2Ir2−xCrxO7 pyrochlore iridates. The chemical doping leads to order of magnitude enhancement of electrical conductivity. The introduction of Cr 3+ at Ir 4+ -site tends to distort the Ir − O6 octahedra and suppresses antiferromagnetic correlation. The X-ray photoemission spectroscopy measurements suggest the coexistence of Ir 4+ and Ir 5+ valence states in the Y2Ir2−xCrxO7 compounds. The concentration of Ir 5+ is enhanced with Cr doping, leading to weak ferromagnetism and enhanced electrical conductivity. A cluster-glass like transition is also observed at low temperature with Cr doping, possibly due to competing ferromagnetic and antiferromagnetic interaction.
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I. INTRODUCTION
The interplay of electron correlation, spin-orbit coupling (SOC), crystal field effect and geometric frustration can lead to many emergent quantum phases and interesting phenomenology such as spin-liquid 1 , spin-ice 2 , spin glass [3] [4] [5] [6] [7] , anomalous Hall effect 8 , frustrated Kondo lattice 1 , superconductivity 9 , etc. in 5d transition metal oxides in general and pyrochlore iridates A 2 Ir 2 O 7 in particular [10] [11] [12] [13] [14] [15] [16] . For Y 2 Ir 2 O 7 , the magnetic properties are determined by the contribution from Ir 4+ ion and the complex magnetic ground states emerging from f − d exchange interactions are avoided 17 . This allows us to study Ir order by separating out the properties emerging from interaction between the rare-earth and Ir
4+
ions. Y 2 Ir 2 O 7 is expected to be a Weyl semimetal with all-in/all-out antiferromagnetic (AFM) ground state 10 . Since the ground state of pyrochlore iridates are sensitive to the SOC, crystal field effect and on-site Coulomb repulsion (governed inter-alia by the Ir − O − Ir bond angle and Ir − O bond length), a small change in A site radius by chemical doping or substitution at the Ir site may easily alter the balance between the competing energies with varying consequences [18] [19] [20] [21] [22] [23] [24] .
The low temperature magnetic state of Y 2 Ir 2 O 7 is still debated, because neutron diffraction and inelastic scattering analysis do not show clear evidence of long range magnetic ordering 25, 26 . On the other hand, muon spin rotation and relaxation experiment analysed with ab initio modeling 27 suggest a long range magnetic transition with all-in/all-out AFM ground state at low temperatures. There are few earlier reports which also suggest existence of weak ferromagnetic component over 
II. EXPERIMENTAL METHODS
The parent sample Y 2 Ir 2 O 7 was prepared by solid state reaction method reported by same authors 29, 35, 36 . On the other hand, Y 2 Ir 2−x Cr x O 7 , x = 0.05, 0.1, 0.2 series were prepared using the method described elsewhere 3,4 . The crystal structure was analyzed by powder X-ray diffraction (XRD) using a PANalytical XPert-PRO diffractometer with Cu Kα radiation (λ= 1.54Å) at room temperature. The actual composition of the samples were determined using energy dispersive x-ray spectrometry (EDX) with the help of field emission scanning electron microscope (FE-SEM) [JSM-7100F, JEOL]. Electrical transport properties were measured by conventional four probe technique. The magnetization measurements were performed in a Quantum design physical property measurement system (PPMS). The electronic structure was characterized by the X-ray photoelectron spectroscopy (XPS) using a PHI 5000 Versa Probe II system. Figure 1 shows the powder XRD patterns along with Rietveld refinement for Y 2 Ir 2−x Cr x O 7 samples at room temperature. Inset of Fig. 1 8 ), with p being the only one adjustable positional parameter. In this pyrochlore structure 16d sites contain larger A-type cations thus forming an axially compressed scalenohedron which are coordinated to six O1 atoms and two O2 atoms. The 16c site exhibit smaller Ir-cation coordinated with six O1 atoms at equal distances from the central Ir ion in a trigonal antiprism. The shorter A − O2 bond length depends only on lattice constant, while the A − O1 and Ir − O2 distances depend on both lattice parameters and the position parameters. For p = 0.3125 one has a perfect octahedron about 16c site where Ir cations reside under a perfect cubic field 39 . Figure 2b shows the positional parameter p as a function of doping content x. The value of p for undoped sample turns out to be 0.355, larger than the ideal value suggesting compressed and distorted octahedra of For undoped (x = 0.0) sample, irreversibility sets in between the FC and ZFC magnetization below ∼ 160 K [ inset of Fig. 3a ] suggesting a magnetic transition, consistent with previous reports 28, 29 . Recent studies seem to suggest coexistence of a weak FM component on the large AFM background 28, 29 . As shown in the Fig. 3a , with Cr doping the FC magnetic susceptibility is enhanced and the temperature for the magnetic irreversibility T irr and Cr 3+ ions. It can be noticed that ZFC magnetization for Cr doped samples show distinct cusp at lower temperature compared to T irr [ Fig. 3a] suggesting a clusterglass-like transition. This cusp is absent in the parent compound [inset of Fig. 3a] .
III. RESULTS AND DISCUSSION
At high temperature, the temperature dependence of susceptibility for all the samples is described by the Curie-Weiss (CW) law, χ = C T −θ CW , where C and θ CW are the Curie constant and Curie-Weiss temperature, respectively shown in Fig. 3b . The estimated value of θ CW for undoped compound show consistency with few reported values 29, 40, 41 , however it shows large deviation with other reported values 7, 21, 22, 28 . This discripancy is due to the choice of fitting parameters, particularly the temperature independent constatnt term χ 0 in χ = C T −θ CW + χ 0 . We have also fitted the data using this extra term χ 0 and the estimated θ CW turns out to be consistent with values reported in Reference 7,21,22 . The negative value of θ CW for un-doped as well as doped samples suggests AFM correlation. The absolute value of θ CW temperature decreases with increased Cr doping [ Fig. 3c] , which indicates the weakening of AFM coupling. It can be noticed that negative θ CW decreases but the actual ordering temperature increases with Cr doping content. This suggests reduction of frustration parameter [f = θ CW /T irr ] with Cr doping, leading to large enhancement of the magnetization.
We have calculated the effective magnetic moment µ ef f 42 for all samples. We estimate µ ef f = 2.01 µ B /f.u. for parent compound, which appear greater than the expected Hund's rule value of 1.73 µ B /f.u. for S = 1/2. Similar discrepancy [i.e. obtained experimental value of µ ef f being larger than expected theoretical value for spin 1/2] has also been reported elsewhere 7, 21 . Such disagreement with Hund's rule value is not unusual in presence of crystal field effect and strong spin-orbit coupling. It is observed that µ ef f increases as Cr concentration increases [ Fig. 3d] . Generally, assuming spin-only contribution for the Cr 3+ (3d 3 ) gives the magnetic moment of 3.9 µ B /Cr. On the other hand, calculation of the same in the strong SOC regime gives 0.33 µ B /Ir. Theoretical effective magnetic moment µ ef f per f.u. can be calculated as µ doped compounds shown in Fig. 4 do not show saturation up to 10T. This could be due to the coexistence of antiferromagnetic and ferromagnetic interactions, leading to magnetic frustration. As can be noticed that both M S and M R increases with increasing Cr doping concentration consistent with the increase of weak ferromagnetic correlation induced by the double-exchange interaction between Ir 4+ and Cr 3+ ions. The coercive field H C also increases with Cr doping shown in inset of Fig. 4 . The introduction of Cr should reduce the spin-orbit coupling because of Cr 3+ − 3d 3 (low atomic number) replacing Ir 4+ − 5d 5 (high atomic number). Therefore, magnetocrystalline anisotropy is not responsible for the increase in H C . Another possibility might be pinning of domain wall, which emerges from the frustration of antiferromagnetic phase induced by the randomly distributed Cr ion on the Ir-site. Similar increase in H C , M S and M R have been reported in other disordered magnets 43 . To summarize, cluster-glass-like characteristic with weak ferromagnetic correlation are observed in Cr-doped Y 2 Ir 2 O 7 samples.
In order to further confirm the glassy characteristic in Cr doped compounds, the isothermal remanent magnetization is measured by cooling the sample in an applied magnetic field H = 0 from room temperature to 5K. After stabilizing the temperature and waiting upto 10 3 s, magnetic field H = 1kOe is applied, and magnetization as a function of time is recorded. Figure 5a shows time dependent isothermal remanent magnetization data normalized with magnetization value M(t=0) for two representative samples x = 0.0 and 0.2. It can be seen that M(t)/M(t=0) increases with time without any sign of saturation for all the representative samples.
We have fitted the normalized magnetic relaxation data using stretched exponential function as shown below 
where τ is the characteristic relaxation time, β is the In this regime magnetization enhances logarithmically as shown by green line in Fig. 5b . The lower limit τ 1 is indicated in Fig. 5b . Figure 6a shows temperature dependent resistivity for the undoped, and Cr doped compounds, respectively. The parent compound [(shown on right y-axis) in Fig. 6a ] shows an insulating trend throughout the temperature regime. To understand the conduction mechanism at low temperature, the ρ(T ) data for undoped sample is analyzed by fitting to the power law in the range 10-70K fitting parameters are found to be ρ 0 ∼ 7.4 × 10
5 Ω − cm, n ∼ 2.97. The replacement of Ir 4+ (5d 5 ) with Cr 3+ (3d 3 ) doping significantly reduces the electrical resistivity leading to metal-insulator transition [ Fig. 6a ]. The T M I decreases monotonically as ionic radius of Ir site decreases. The doping of Cr has two effects: 1) The reduction in Ir site ionic radius due to Cr doping increases the A site ionic radius, which might reduce the electrical resistivity by reducing the trigonal compression on the IrO 6 octahedra 14, 20 .
2) The Cr 3+ (3d 3 ) and Ir 4+ (5d 5 ) states have similar electron filling in their t 3 2g and t 5 2g band, respectively with a S = 1/2 state, effectively leading to hole doping, which could possibly increase the valence state of Ir from Ir 4+ to Ir 5+ . In pyrochlore iridates A 2 Ir 2 O 7 the Ir 4+ has a fully filled J ef f = 3/2 level and an unpaired half filled J ef f = 1/2 level which is localized due to electron-electron interaction 10, 11 . On the other hand, Ir 5+ has an empty J ef f = 1/2 level that would promote the hopping of electrons from the nearby Ir 4+ ions, leading to the delocalization of electrons and enhancement of electrical conductivity. Later on we shall come back to this point. × 100 for Cr doped Y 2 Ir 2 O 7 compounds measured at temperature 2K, 5K and 10K. All the doped compounds exhibit negative MR [i.e. resistance reduces with application of magnetic field]. On the other hand, parent sample x = 0.0 shows positive MR at low magnetic field followed by negative MR with quadratic field dependence at higher magnetic field [Fig. 7a ,e,f,g] as reported earlier by the same authors 29 . Positive MR arises due to the 'weakantilocalization' effect in the materials with strong spinorbit coupling 47 . Fig. 7f shows the quadratic field dependent magnetoresistance (MR) recorded at temperature 2 K. It can be noticed that with Cr doping at Ir-site, the magnitude of negative MR at high field decreases upto x = 0.1 [ Fig. 7e ] although quadratic field dependence shown in Fig. 7f is still observed which could be attributed to suppression of spin fluctuation. Additionally, the MR for all the samples scales with saturation magnetization which is a property of double exchange systems near magnetic transition as shown in Fig. 7h It is clear that Cr doped samples exhibit more asymmetric shape than parent compound. Asymmetry in Ir 4f line shapes can be attributed to the 5d conduction electron screening and presence of shakeup satellites above the main Ir 4f line 48, 49 , which could also explain the enhanced conductivity of the doped samples. Simultaneously, the less conducting bulk sample shows almost symmetrical Ir 4f XPS line shape, compared to Cr = 0.2 doped compound. We de-convoluted the Ir 4f core-level XPS spectra of x = 0.0 and 0.2 samples shown in Fig. 8b using asymmetric Gauss-Lorentz sum function. The observed peaks are indexd according to previous report 29 . We find that although the major contribution is due to the Ir 4+ charge states, there is a small contribution from the Ir 5+ in the parent compound. ples, the contribution from Ir 5+ is enhanced, suggesting coexistence of mixed oxidation states of Ir, i.e. Ir 4+ and Ir 5+ . We further analyzed the oxidation state of Cr using XPS spectra of Cr 2p core-level, as shown in Fig. 8c,d . the t 2g levels into a half filled J ef f = 1/2 level with a double-degeneracy and a completely filled J ef f = 3/2 level with a quadruple degeneracy. Hence, in the strong SOC dominated picture, Ir gives a magnetic moment of value 0.33µ B /Ir. Finally, the on-site Coulomb repulsion U further splits the J ef f = 1/2 level and opens up a Mott-like gap which makes such systems J ef f = 1/2 insulators. The population of Ir 4+ valence electrons with spin up (solid red arrow) and spin down in t 2g orbital, J ef f = 1/2 and J ef f = 3/2 is shown in Fig. 9b Fig. 2a,b,c,d . In such a situation, the Ir atoms reside on a more distorted Ir − O 6 octahedra than parent compound as Ir − O − Ir bond angle tends towards 90 0 which might be responsible for weakening of AFM correlations and higher value of magnetic moment. The distorted Ir − O 6 octahedra along the c-axis could weaken AFM correlation, as indicated by reduction in absolute value of Curie-Weiss temperature θ CW . enhances with Cr doping. This explains the possible origin of the weak ferromagnetism and enhanced electrical conductivity in the same. The cusp in ZFC M-T curves, the irreversiblity in FC-ZFC magnetization at higher temperature and hysteretic isothermal magnetization with large coercive field for Y 2 Ir 2−x Cr x O 7 at low temperature suggest cluster-glass like transition rather than long range ferromagnetic ordering. This is also confirmed by relaxation measurements. We emphasize that doping affects the local chemistry such as bond angle, bond length and oxidation states which in turn influences, in not neccessarily inter-connected fashion, the electronic transport and magnetic properties in 5d iridates.
